Rising damp is one of the most severe phenomena that leads to decay and deterioration of both old and modern types of buildings. This study employed a holistic approach to dampness investigation and sought to examine the problem of rising damp in the walls of two residential apartments in Kumasi, Ghana. The study sought to determine the types of soluble salts and their concentrations in the soils and accumulated percentages in the walls over time and whether there exists any linkage between the salts in the walls and those in the ground. Results from the geotechnical survey of the building sites found that the soils on site 1 consisted of silty sandy gravel with some clay particles and those on site 2 consisted of silty sandy soil with some clay and traces of gravel. The study identified several groups of salts in the walls of the buildings, with the most damaging and dangerous being magnesium sulphate, magnesium chloride, and sodium sulphate salts. Similar salts were identified in the soil samples from the trial pits. The results therefore indicate a linkage between the salts found in the ground and those found in the walls and therefore confirm the presence of rising dampness.
Introduction
All buildings are expected to be constructed with materials which have the tendency to resist the effects of water throughout their service lives [1] . For buildings to perform this function, there is the need for correct design and maintenance throughout their service lives [1] . Moisture that should not be present in buildings is known as dampness [2] . Buildings are said to have dampness problems when the materials in the buildings become sufficiently damp, leading to materials damage or visible mold growth [2] .
Ghana, a country with hotter and drier climate, has experienced dampness for several years [3] . In a study to identify the most dominant type(s) of dampness in residential buildings in Ghana, all the surveyed buildings were identified to have symptoms related to either rising dampness, condensation, or water penetration (including leakages) [3] . However, the most dominant type of dampness was found to be rising dampness as it was identified with many of the buildings surveyed [3] . Hygroscopic salts that led to surface efflorescence, decayed skirting, dampness below 1.5 m, and mold growth on walls up to 1 m high were among the symptoms identified with rising dampness in the surveyed buildings. The study recommended a more detailed investigation on selected buildings to identify the root cause of the problem.
This paper involves a laboratory study to examine the problem of rising damp and salt attack in the walls of residential buildings. It sought to determine the types of soluble salts and their concentrations in the soils and accumulated percentages in the walls over time and whether there exists any linkage between the salts in the walls and those in the ground. Two buildings in different geological settings in Kumasi, Ghana, were selected as case studies.
dampness, and rising damp was reported as the main cause of the dampness problem.
Salts normally present in buildings are either present in the masonry at the time of construction or are absorbed from the atmosphere or ground water during the life of the building [21, 22] . Salt will crystallize at different heights on walls with rising damp depending on their solubility [23, 24] . Arnold [25] synthesized this distribution from a careful analysis and observation of many damp structures. The distribution of salts within a wall is also dependent on the actual mixture of salts present and their origin. On the basis of a thorough analysis of the north façade of a former convent in northern Bavaria and other monuments, Steiger et al. [26] identified the presence of nitrate, potassium, magnesium, chlorides, and sodium to be associated with rising dampness. The zone of maximum enrichment, around 2-3 m from the ground, reflected the capillary rise height. Sulphates are reported to be present in many bricks, stones, Portland cement, and some groundwater and are formed in masonry from sulphur dioxide and sulphurous acid in the atmosphere [21] .
Different types of soluble salts cause damages to masonry walls. The most common building damaging salts consist of anions-sulphates, chlorides, and nitrates [27] . Also, sodium chloride, magnesium chlorides, sodium nitrates, and sulphates of calcium, sodium, magnesium, and potassium are damaging [12, 28] . After these salts build up in the plaster and on brick surfaces over a period, they attract moisture from the atmosphere [12] and result in plaster peel-off in a belt. The causes of decay and deterioration of buildings are influenced by the existence and movement of water and damaging salts [29] [30] [31] .
Dealing effectively with the problem of dampness requires the adoption of an organized system of investigative procedures to confirm all the sources and ensure that the recommended remedial works are appropriate [32] . According to Burkinshaw and Parrett (2004) , such a system must commence with identifying and recognizing symptoms or signs of dampness. The selection of an effective remedy for any form of dampness must start with a correct diagnosis of the cause [32] . There are four major stages to any dampness investigation ( Figure 1) [2, 11, 33] . These are visual inspection, investigations using moisture meters (nondestructive tests), a more detailed investigation (destructive tests) and homing in on the problem (laboratory assessment study) [2, 11, 33] .
The visual investigation stage requires the surveyor to inspect the defect closely and act as a preliminary assessment for further investigation and confirmation of the defect assessed [2] . In this stage, the identification of a dampness problem is dependent on symptoms such as staining of water, cracking, rotten timber, decay, and blisters, and the diagnosis requires knowledge of the behaviour of relevant building materials, construction knowledge, and knowledge of the use (past, present, and future) of the building.
In stage 2, the most widely used instrument for the diagnosis of dampness in buildings is the moisture meter [2, 11, 12] . Multifunctional moisture meters that feature a resistance function, a capacitance function, a humidity sensor, an air thermometer, a surface thermometer, and deep probe facility are now available on the market. This technique The four-stage approach to dampness investigation (sources: [2, 11, 32, 33] ). may be used to inspect or observe materials or elements of construction in place without causing alteration, damage, or destruction to the fabric of the building [2, 11, 33] .
Stage 3 investigation requires a collection of techniques that may be used to inspect or observe materials or elements of construction in place and it involves causing alteration, damage, or destruction to the fabric of the building. Tools or techniques that are used involve cutting pieces of materials, drilling, salt test, carbide meter, electronic-thermo hygrometer, and mechanical hygrometer [2, 11] . Oven drying method which is the most accurate method of determining the moisture content of material involves taking samples, weighing and drying the samples to constant weight in an oven at a suitable temperature (100 ∘ C), and then reweighing. The dampness is expressed by the weight loss achieved through drying as a percentage of the oven dry weight of the material being examined [2, 11] .
In stage 4, destructive tests and examinations that require opening up are conducted. More emphasis is placed on the sampling which aims at confirming moisture conditions within structural elements (primarily walls and floors) by drilling out masonry samples [2] . The decision on where samples are drilled depends on the kind of investigation undertaken and prevailing site conditions [2] . A typical investigation could first involve sampling at various positions laterally to confirm a damp zone, followed sometimes by vertical sampling where damp patches extend upwards. A typical stage 4 investigation of an average-sized house with very average moisture conditions could involve drilling 10-12 holes [2] . This current study was carried out using stages 3 and 4 investigations to examine the problem of rising damp and salt attack in the walls of residential buildings following earlier studies involving stages 1 and 2 approaches.
Methodology
This study sought to examine the problem of rising damp and salt attack in the walls of two residential buildings reported to be experiencing severe dampness problems using stages 3 and 4 dampness investigation approaches [2, 7, 11, 12] . The survey building in case study 1 is a semidetached building that belongs to the Department of Urban Roads in Kumasi, Ghana (Figure 2 (Figure 2(b) ).
The study adopted methods which have been used in previous studies [2, 11, 12, 33, 34] . Both primary and secondary data were collected. The secondary data included reports and maps from the Soils and Geological Divisions of the Building and Roads Research Institute (BRRI) of the Council for Scientific and Industrial Research (CSIR), Ghana. The secondary sources helped in determining the location of the selected building site, vegetation and climate of the areas, geological settings, and so forth.
Sampling of Soil.
Ground investigations were carried out in accordance with BS 5930 [35] "Code of Practice for Site Investigations, " and involved desk study, walk-over survey, trial pit excavation, and soil samples collection. The walkover survey was undertaken to assess the sites, determine the drainage conditions of the sites and its environs, and enable prudent areas to be located for the trial pits.
Two trial pits were manually excavated using pickaxe, shovel, sacks, and measuring tape. Trial pits were chosen because of the lack of access to the building sites which made it difficult for the safe use of borehole rigs. Also, the buildings in Cases 1 and 2 were all three-bedroom single storey structures situated on fairly levelled soils. Studies have shown that it is not a normal practice to sink boreholes and carry out soil tests for a single-or two-storey dwelling houses or similar structures since there is usually adequate knowledge of the required foundation depths and bearing pressures in any particular locality. Sufficient information to check the presumed soil conditions of such buildings can usually be obtained from a few shallow trial pits or hand auger borings [36, 37] . All the pits were dug to depths of 1.50 m and samples were taken, preserved in plastic bags, and clearly labelled for laboratory tests at the Geotechnical Engineering Laboratory of BRRI of the CSIR.
Sampling of Mortar.
The walls of the buildings were constructed with sandcrete blocks, and the joints between the blocks were filled with 150 mm thick mortar. Mortar samples were selected because it is the dominant path through which damp rises in walls of buildings [6] . The equipment and materials used to obtain the mortar samples included cordless drills, sharp tungsten carbide drill bits, 35 mm camera film cases for holding samples, plastic resealable sample bags, sharp 65 mm bolster, small piece of card for collecting dust, PCE MMK1 universal moisture meter with deep probes, rule, note pad, and labels ( Figure 3 ).
Three different mortar samples for each case were taken at 300 mm heights intervals up to the height of visible damp (i.e., 300 mm, 600 mm, and 900 mm) to provide information about water soluble salts distributions in the walls [2] . 
Analyzing Samples.
The soil samples were sent to the Geotechnical Laboratory at the BRRI of the CSIR where tests were conducted in accordance with BS 1377 [39] . Laboratory tests conducted on the soil samples included moisture content, particle size distribution, and Atterberg limits. The moisture content was determined by the oven-dry method. The particle size distribution was carried out in two parts, sieve analysis (to determine the percentage of individual grain sizes present in the soil samples) and sedimentation analysis. The Atterberg limit was conducted to determine the presence or otherwise of clay minerals in the soil deposits. Mortar and soil samples were also sent to the Chemical Laboratory of the Department of Chemistry, Kwame Nkrumah University of Science and Technology (KNUST), Kumasi, Ghana, for ion chromatography tests. Equipment used in the analysis included ion chromatography (Metrohm 861 Advanced Compact IC), mechanical shaker, 100 mL measuring cylinder, analytical balance, centrifuge tubes (15 mL and 50 mL), wash bottles,and volumetric flasks (2000 mL, 1000 mL, and 100 mL) ( Figures 5 and 6 ). The ion chromatography is a type of liquid chromatography that uses ion exchange resin to separate atomic or molecular ions based on their interaction with the resin. Its greatest utility is for analysis of anions and cations for which there are no other rapid analytical methods available [12] . Conductivity detectors were used to analyse the mortar samples in aqueous form in parts-per-million (ppm) for common anions and cations shown in Table 1 .
Results and Discussions

General Characteristics of the Soil in the Location.
The geotechnical information on the building site showed that the site in Case Study 1 consists predominantly of silty sandy gravel soil with some clay particles. The site in Case Study 2 is predominantly silty sandy soil with some clay and traces of gravel. The average moisture contents of the soils were about 12.55% and 8.13% for sites in Cases 1 and 2, respectively. Groundwater was encountered in test pit two of Journal of Construction Engineering Case 2 at a depth of 0.47 m. This could be attributed to the fact that this area was closer to a water body. The ground water level was expected to follow the topography of the land surface considering the relatively higher water table. However, ground water was not encountered in test pit one, but the soil was relatively high in moisture and this could be due to water rising from underlying strata or water seeping from the surface. Figure 7 shows a graphical comparison of moisture contents at different heights of mortar samples for different depths of walls. The results show that, for the mortar samples collected from all the three depth ranges, moisture contents decreased with increasing heights. Mortar samples collected at heights of 300 mm in all the cases had the highest moisture content followed by the samples from heights of 600 mm in that order ( Figure 7) . The results further show that the moisture contents varied with depths. Thus, the moisture contents increased from the depths of 0-25 mm up to 50-75 mm. Also, the results show that, throughout the various heights in the two cases, moisture contents recorded in Case 2 exceeded those in Case 1. These higher values recorded for Case 2 indicate that the water body close to the site influenced water ingress into the building. The control samples collected above the height of visible dampness (i.e., 900 mm) at the various heights recorded the lowest moisture contents in all the cases. These samples were original and collected above the height of visible dampness. As a result, no significant dampness was found in those areas of the walls. The higher moisture contents recorded at the bases of the walls (300 mm) indicate a probable source of water ingress from the soil into the buildings. The above results imply that, at the maximum height of visible damp, most of the water in the walls had evaporated leaving behind efflorescent salts, a phenomenon typical of rising dampness [2] . A common source of water that contributes to rising dampness in masonry walls is groundwater [12] and this was responsible for the severity of the dampness in Case 2 compared to Case 1.
Moisture Contents of the Mortar Samples.
Salts Analysis of Mortar Samples.
Results obtained for ionic contents of the mortar samples collected from the two cases are presented in Tables 2 and 3 for samples taken at depths 0-25 mm, 25-50 mm, and 50-75 mm into the walls, respectively.
The results (Table 1) show that, at the maximum height of visible dampness (i.e., 900 mm), Mg 2+ is the most predominant cation in the mortar samples collected from Case 1 followed by Na + and K + in that order. Percentage concentrations of these ions exceed the acceptable safe limit of 0.020% [11, 12, 34] − as the most predominant anions. The ions identified had total concentrations above the acceptable safe limit of 0.020% [11, 12, 34] . Thus, magnesium sulphates (MgSO 4 2− ), magnesium chlorides (MgCl 2 ), sodium sulphate (Na 2 SO 4 ), sodium chloride (NaCl), potassium sulphate (K 2 SO 4 ), and potassium chloride (KCl) appear to be the most abundant salts present at the maximum height of visible dampness. These salts are in concentrations likely to cause damage to the wall internally.
The results obtained for the control samples of Case 1 collected at 1.5 m above the height of visible dampness show that the salt contamination was low on the most predominant anions (SO 4 2− and Cl − ) and cations (Mg 2+ , Na + , and K + ). These predominant ions identified had total concentrations below the acceptable safe limit of 0.020% [11, 12, 34] , indicating no significant dampness and damage to the walls. The above results confirm that, at the maximum height of visible damp, most of the water in the soluble salts evaporates leaving behind efflorescent salts.
Results presented in Table 2 also show that Mg 2+ is the most predominant cation in the mortar samples collected from Case 2 followed by Na + and K + in that order. Percentage concentrations of these ions exceed the acceptable safe limit of 0.020% [11, 12, 34] and increase with increasing heights of mortar samples. The anions, SO 4 2− , Cl − , and NO 3 − , were also predominant at the maximum height of visible dampness (i.e., 900 mm) and their percentage concentrations exceed the acceptable safe limit of 0.020% [11, 12, 34] . The concentrations Note: the italic rows indicate the concentration of the ions at the maximum height of visible dampness (900 mm). Note: the italic rows indicate the concentration of the ions at the maximum height of visible dampness (900 mm). The results obtained for the control samples in Case 2 collected at 1.5 m above the height of visible dampness also show that the salt contamination was low on the most predominant anions (SO 4 2− , Cl − , and NO 3 − ) and cations (Mg 2+ , Na + , and K + ). These predominant ions identified had total concentrations below the acceptable safe limit of 0.020% [11, 12, 34] , indicating no significant dampness and damage to the walls. The results in Case 2 are not much different from those in Case 1.
Salts consist of a combination of positively (cations) and negatively (anions) charged ions, provided there is a balance between these ions [9] . In the formation of salts, not all possible combinations of cations and anions are very soluble and hence damaging [9] . The amount of salt required to cause damage depends on the types of salts, the nature and condition of the masonry, and the cohesive strength of the material [12] . According to Perry and Duffy [27] , the most common damaging anions found in buildings consist of sulphates, chlorides, and nitrates.
The salt analysis of the mortar samples in the current study shows that magnesium sulphates (MgSO 4 ), magnesium chlorides (MgCl 2 ), sodium sulphate (Na 2 SO 4 ), sodium chloride (NaCl), potassium sulphate (K 2 SO 4 ), and potassium chloride (KCl) are the most predominant salts present in Case 1. In Case 2, magnesium sulphates (MgSO 4 2− ), magnesium chlorides (MgCl 2 ), magnesium nitrate (MgNO 3 ), sodium sulphate (Na 2 SO 4 ), sodium chloride (NaCl), sodium nitrate (NaNO 3 ), potassium sulphate (K 2 SO 4 ), potassium chloride (KCl), and potassium nitrate (KNO 3 ) appear to be the most abundant salts present. Studies have shown that some of these salts are more damaging than others [9, 40, 41] . Although all the salts identified in the current study can be damaging, Na 2 SO 4 , MgSO 4 , and MgCl 2 are more damaging and can result in more extensive decay in the walls of the two buildings than all the other salts present [9, 40, 41] .
The results (Tables 2 and 3 ) also show that most of the salts from the mortar samples are highly concentrated on the wall surface at depth 0-25 mm than at depths 25-50 mm and 50-75 mm. This trend means that crystallisation occurred near the surface of affected walls. Bucea et al. [42] found that deterioration of walls of buildings was due to salt crystallization on both concrete exposed to sulphate solution and mortar exposed to either sulphate or chloride solutions.
Bucea et al. [42] further identified that crystallization deterioration was either due to sodium sulphate or a combination of sodium and magnesium sulphates or sodium chloride. The process of crystallization depends on evaporation which is also dependent on environmental conditions [43] [44] [45] . Also, the magnitude of the crystallization pressure depends partly on the kind of salt involved, the size and shape of the capillary pore system, and the relative humidity of the surrounding climate [46] [47] [48] [49] . Pel et al. [50] reported that high salt concentrations were encountered at the surface of fired clay brick walls as compared to the inner parts of the material. The crystallization of soluble salts in porous materials can generate pressures inside the pores sufficient to exceed the tensile strength and result in material damage. Cracks in walls and increased costs of maintaining walls are among the impacts of salt crystallisation [29, 46, 49] . A chemical analysis of efflorescence salts carried out by Merrigan [51] revealed that sodium sulphate and potassium sulphate salts constituted about 90% of the main soluble salts identified with buildings in Southern California. Ibrahim et al. [52] tried to determine the effect of sodium sulphate and sodium chloride solutions on the moisture movement of fired clay masonry walls. The study identified that soluble salt attack, especially sodium sulphate solution, resulted in the expansion of the masonry walls which significantly influenced the deterioration of the mortar joints. The rates of failure depended on the types and concentrations of soluble salt [51] . This finding therefore corroborates the literature. Figures 8 and 9 show that the salt contamination is low in the control samples (healthy mortar) collected from the two cases for all the cations and anions, with percentage ionic concentration less than 0.020%. These samples were original and were collected above the height of visible dampness. As a result, no significant dampness was found in those areas of the walls.
Linkage between Salts in the Mortar Samples and in the Soils.
To identify the origin of the salts in the walls of the buildings, salt analysis was conducted on soil samples collected from the two cases. This was to establish whether there exists any linkage between the salts found in the walls of the buildings and those found in the soils. Table 4 shows the results obtained from the laboratory analysis. The results show that sodium chloride, sodium sulphate, sodium nitrate, potassium sulphate, potassium chloride, potassium nitrate, magnesium sulphates, magnesium chlorides, and magnesium nitrate salts were present in the soil samples collected. The figures with asterisk attached refer to the predominant ions at the various depths of the trial pits with percentage concentrations above 0.020%. Table 5 shows the linkage between the most predominant ions in the mortar and soil samples collected from the two cases. The anions (Cl − , NO 3 − , and SO 4 2− ) and the cations (Mg 2+ , Na + and K + ) were present in both mortar and soil samples. The presence of nitrates, potassium, magnesium, chlorides, and sodium in the walls of buildings are considered to be associated with rising dampness [12, 26] . This indicates that the more soluble ions, that is, chlorides and nitrates ( Table 5 ), could partly have been transported into the walls through rising water [12] . The high percentage of magnesium ion in the collected samples could be attributed to the possibility of its abundance in the soil (fine aggregates) used in the preparation of the mortar [12] or the many years of active dampness caused large quantities to accumulate within the walls. The abundance of Na + could be a result of the wicking of ground water by the masonry. This salt is soluble in water and once it is present in the ground it could travel with water into masonry. In addition, the rising water could dissolve and redistribute the salts in the mortar allowing high concentrations of salts to build up [6] .
The higher concentration of sulphate ion in the mortar could be attributed to a number of reasons. Sulphate (SO 4 2− ) predominant in the mortar samples could have been deposited there partly by ground water and partly by the cement content in the mortar. This is because sulphate ion is normally found in ground water as well as Portland cement [51] . Ground water contains chlorides and nitrates and both salts can cause visual signs of dampness and decorative spoiling on walls when present in abundance [12] . Buchwald and Kaps [31] reported that nitrate and chloride ions of dissolved salts are normally transported into masonries through migrating water, primarily due to rising damp. 
Conclusion
Broad conclusions can be drawn from this study. A holistic approach to dampness investigation was employed to examine the problem of rising damp in the walls of two residential apartments in Kumasi, Ghana. The study sought to determine the types of soluble salts and their concentrations that have accumulated in the soils and the walls of the buildings over time and whether there existed any linkage between the salts in the walls and those from the ground. Results from the geotechnical survey of the building sites found that the soils on site 1 consisted predominantly of silty sandy gravel with some clay particles and those on site 2 consisted of silty sandy soil with some clay and traces of gravel. The study identified the main salts in the walls of the buildings as predominantly magnesium sulphates, magnesium chlorides, magnesium nitrate, sodium sulphate, sodium chloride, sodium nitrate, potassium sulphate, potassium chloride, and potassium nitrate. However, of all these identified salts, the most damaging and dangerous are magnesium sulphate, magnesium chloride, and sodium sulphate salts. The same salts were also identified in the soil samples from the trial pits. The results therefore indicate a linkage between the salts found in the ground and those found in the walls and therefore confirm the presence of rising dampness. Identifying predominant salts in the walls of the affected buildings is critical to the search for appropriate treatment for the rising damp problem. The study recommends more research to be carried out on buildings located within different geographical locations. More laboratory tests and scientific analyses on •: ions which are absent in samples or with no significant percentage concentrations.
salts should be carried out to have a better understanding of how to handle the problem of rising damp and salt attacks.
